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Abstract
Musical expertise is associated with structural and functional changes in the brain that
underlie facilitated auditory perception. We investigated whether the phase locking (PL)
and amplitude modulations (AM) of neuronal oscillations in response to musical chords are
correlated with musical expertise and whether they reflect the prototypicality of chords in
Western tonal music. To this aim, we recorded magnetoencephalography (MEG) while
musicians and non-musicians were presented with common prototypical major and minor
chords, and with uncommon, non-prototypical dissonant and mistuned chords, while watch-
ing a silenced movie. We then analyzed the PL and AM of ongoing oscillations in the theta
(4–8 Hz) alpha (8–14 Hz), beta- (14–30 Hz) and gamma- (30–80 Hz) bands to these chords.
We found that musical expertise was associated with strengthened PL of ongoing oscilla-
tions to chords over a wide frequency range during the first 300 ms from stimulus onset, as
opposed to increased alpha-band AM to chords over temporal MEG channels. In musicians,
the gamma-band PL was strongest to non-prototypical compared to other chords, while in
non-musicians PL was strongest to minor chords. In both musicians and non-musicians the
long-latency (> 200 ms) gamma-band PL was also sensitive to chord identity, and particu-
larly to the amplitude modulations (beats) of the dissonant chord. These findings suggest
that musical expertise modulates oscillation PL to musical chords and that the strength of
these modulations is dependent on chord prototypicality.
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Introduction
Musical training leads to expertise in the auditory domain, evidenced as behavioral advantages
in perceptual skills related to sound features, as well as to non-musical sounds [1]. These
include perceptual acuity for small sound differences in music [2, 3], voice speech cues, pitch
contour in speech (prosody), phonetic advantage for second language, speech-in-noise percep-
tion, cognitive control in auditory working memory [4], temporal synchronization [5], and the
advancement of other cross-domain functions [1, 6]. The sound-related superiority in music
experts depends on experience-dependent plasticity, namely structural and functional changes
in the brain that are behaviorally relevant in musical tasks [1, 7–9].
Music-derived neuroplasticity of the auditory cortex can be investigated non-invasively with
electroencephalography (EEG) and magnetoencephalography (MEG) recordings by comparing
sound-induced neuronal activity between musicians and non-musicians. Several studies show
that musical expertise leads to an enhanced recruitment of neuronal resources to process (musi-
cal or non-musical) sounds, and particularly salient ones, i.e., the sounds that have a particular
significance to individuals due to repeated exposure and ‘sound to meaning’ associations [1].
The facilitated neuronal processing of such salient and subjectively relevant sounds in musicians
are reflected in the increased amplitudes of averaged enhanced middle-latency (19–30 ms)
event-related responses (ERs, also called event-related potentials or ERPs) to pure tones [10],
and enhanced later event-related ERs [11–17]. EEG [10] and MEG [13] studies show that both
N1 and P2 responses are enhanced in musicians during passive listening to tones. Furthermore,
the pre-attentively elicited mismatch negativity (MMN) response (~100–200 ms) to violations
of repetitive (standard) features in a musical sequence (e.g. a new pitch in a succession of
repeated tones) is enhanced in musicians compared to non-musicians [16]. The MMN to sound
feature changes is generally assumed to rely on the ongoing formation of a sensory memory
template or prediction for sound features based on the statistical properties of the sound envi-
ronment, and on the feed-forward matching of this template to the incoming sounds [18].
Acoustic training in the laboratory lasting from minutes to several weeks in non-musicians
yields similar effects to long-term musical training, enhancing the strength of N1 and P2 ERs
[11, 19–21]. For example, frequency change detection with 40-Hz amplitude modulated pure
tones improved after 15 sessions and led to enhanced P2 bilaterally and N1c in the right hemi-
sphere [11] and as little as an hour of discrimination training with pure tones was found to
modulate the N1 response [19]. Auditory temporal sensitivity also improves after just three
hours of training, reflected in enhanced ER amplitudes [21]. These results demonstrate that
training-induced plasticity is the likely cause of differences in neuronal activity between musi-
cians and non-musicians, as reflected by the amplitude of the neural currents or magnetic fields
recorded from the scalp.
In addition to ERs, stimulus processing is reflected in the dynamics of cortical oscillations.
Oscillations and synchronized neural activity regulate and coordinate processing of visual per-
cepts [22–24], and specifically gamma oscillations have been suggested to underlie the integra-
tion of visual features [25].
In humans, sensory stimuli evoke early gamma oscillations, which are sensitive to physical
stimulus features both in the auditory [26, 27] and visual modalities [28] as well as later non-
phase-locked induced oscillations of which amplitude modulations reflect the neural process-
ing of higher level perceptual features of visual stimuli [29–36]. In the auditory modality, obser-
vations of stimulus-specific induced gamma oscillations are less frequent and have been
observed in perceptual tasks [36, 43–45] and in auditory working memory tasks [27, 37–40].
Oscillations and synchronized neuronal activity play a crucial role in coordinating activity-
dependent synaptic plasticity [41, 42]. Hence, oscillations are a likely target for experience-
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induced plasticity modulations by musical experience. Indeed, early evoked gamma band oscil-
lations have been suggested to underlie feature binding of well-learned memory traces [21],
and matching of feed-forward activation to a memory template [26, 43] and expectations [44].
Therefore both amplitude and phase-dynamics of gamma-band oscillations might reflect plas-
tic modulations in the perception of sensory representations. In the music domain, it has been
found that the familiarity with a musical timbre enhances both the evoked and induced gamma
band responses to individual tones, compared to a less familiar timbre [45]. Further, evoked
gamma oscillations and specifically PL of gamma oscillations to sound onset are enhanced
when sounds are attended compared to passive listening, this effect being more pronounced in
non-musicians than in musicians [46].
Musical sound stimuli are interesting from an evolutionary perspective as musical systems
invented by humans are partly based on a generalized inherent preference for harmonic as
opposed to rough frequency combinations [47–50]. In music, auditory unpleasantness or
roughness in intervals or chords (i.e., combinations of two or more sounds, respectively) is
referred to as sensory dissonance, whereas pleasant intervals or chords are termed consonant
[51, 52]. Sensory dissonance occurs when the spectral sound components are unresolved lead-
ing to amplitude fluctuations or "beats" in the range 20–250 Hz [53, 54], whereas sensory con-
sonance implies the absence of beats as well as a degree of harmonicity in the spectral
components [55]. In Western tonal music, consonant chords, such as a major triad, are more
commonly encountered, and hence prototypical, than less common or non-prototypical disso-
nant chords, such as an augmented triad or an altered seventh [56]. Interestingly, musicians
rate dissonant chords as more unpleasant [57, 58] and have stronger autonomic nervous sys-
tem responses to dissonance than non-musicians [59]. Moreover, in a previous MEG study
[16], we found a stronger MMN to non-prototypical chords such as dissonant and mistuned
ones, in musicians and comparable MMN responses to minor chords between musicians and
non-musicians; the strength of the MMN to non-prototypical chords was also positively corre-
lated with years of musical training. Overall these findings indicate that musicians, being more
experienced with dissonance, might have a stronger ‘sound to meaning’ association and com-
ply most stringently to music-theory expectations and affective connotations of dissonance
when opposed to non-musicians.
Our main aim in this project was to investigate whether musical expertise modulates the
strength of neuronal oscillations to musical chords and specifically whether this modulation
would take place in oscillation amplitudes (AM) or oscillation phase dynamics (PL). Further-
more, we tested whether these changes in the oscillation dynamics would be specific to the
non-prototypical chords, such as dissonant and mistuned ones, that are better known by musi-
cians than non-musicians, hence reflecting experience-dependent modifications in neuronal
processing networks. In contrast, the neuronal processing of major, and to a lesser extent also
minor chords, that are familiar to any listener of Western tonal music (including those who
never underwent formal musical training or played any instrument), should not be as strongly
modulated by musical expertise. To this end, we recorded neuronal activity with MEG and
examined the neuronal oscillatory dynamics by means of phase locking (PL) and amplitude
modulation (AM) to common prototypical major and minor chords, and to less common non-
prototypical dissonant and mistuned chords. The mistuned musical chord was included as an
additional example of a non-conventional chord in Western tonal music, and functioned as a
probe for the memory mechanisms that we aimed at studying. For instance, in individuals not
acculturated to Western musical chords, a mistuned chord presented in isolation would not
elicit a stronger response than a major or minor chord, since it does not contain any sensory
roughness or inharmonicity in itself [16, 60]. In sum, based on the literature on ERs and brain
oscillations to musical sounds, we hypothesized that both the phase locking and amplitude of
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gamma oscillations would be sensitive to experience-dependent plastic modulations of the neu-
ral responses to chords, and particularly to the salient non-conventional chords in musicians.
Methods
Participants
Twenty-six individuals with normal audiological status and no history of neurological disease
participated in the study. Of these 13 are referred to as "musicians" and 13 as "non-musicians.
Among these, the data from 2 musicians and 2 non-musicians were discarded from the analysis
because of artifacts (large amplitude or frequent head motion, poor tuning of MEG system,
excessive blinking), leaving 11 musicians and 11 non-musicians in the final analysis. The 11
musicians were all performing at a professional level and were either students from the Sibelius
Academy of Music in Helsinki or educated musicians (3 males; mean age 25.2 ± 3.4; 1 left-
handed; main instrument played: 4 piano, 2 voice, 1 clarinet, 1 cello, 1 flute, 1 organ, 1 violin;
18.2±4.5 years of musical practice; hours of daily practice 2±1). The non-musicians were indi-
viduals who had never played an instrument and had never received any formal music educa-
tion (3 males; age 28.4 ± 4.2; 1 left-handed). The study was performed according to the
Declaration of Helsinki with approval by the Ethical Committee of the Helsinki University
Hospital". Participants signed a consent form, which had been reviewed and approved by the
Ethical Committee. A subset of the participants of the present study was used in a previously
published study focusing on the analysis of the MMN responses to the dissonant, mistuned
and minor deviant chords [16].
Stimuli
The stimuli were four types of musical triad chords recorded with a MIDI keyboard Roland A-
33 connected to AKAI S-2000 sampler, and played with a realistically sounding piano timbre
(AKAI sample library) (S1, S2, S3 and S4 Stimulus files). The chords were then edited using
SoundForge and CoolEdit software to have the same intensity and duration (588 ms). In all the
chords A4 was always the lowest (root) and E5 the highest note. To construct the four chords
of the experiment ("major", "minor", "dissonant", and "mistuned"), the middle note was manip-
ulated. The "major" chord was the traditional major triad, containing the major third interval
between A4 and C#5. The "minor" chord was the traditional minor triad containing the minor
third interval between A4 and C5. The dissonant chord contained several dissonant intervals,
namely the minor second and the augmented fourth. This chord does not have a standard
name in traditional music theory, due to its infrequent usage (however, see 52 for a post-tonal
classification of chords). The "mistuned" chord had the middle note with a pitch between C
and C sharp (C sharp decreased by 40 cents), thus sounding like a mistuned major chord. The
frequency distance between the major chord and the mistuned chord was very small, having
the middle pitch of the major chord, C sharp, a fundamental frequency of 554.4 Hz and the
middle pitch of the mistuned chord, C sharp mistuned, a fundamental frequency of 541.9 Hz.
Analyses and illustrations related to the stimuli were implemented in Matlab (version 7.12,
Mathworks, Inc.). Spectral density estimates were obtained for each chord using Welch's
method (spectrum.welch, Hann window, 186 ms window length, 50% overlap) and are plotted
in Fig 1A. The second tone of the dissonant chord is separated by approximately 27 Hz from
the root tone (440 Hz). The difference between the first harmonics of the two tones is 54 Hz.
We analyzed the temporal domain amplitude modulations for each chord in a narrow fre-
quency band around the root tone by calculating the modulus of a Morlet wavelet centered on
the root (for details on wavelet filtering, see below under "MEG data analysis"). The amplitude
envelopes of each chord are plotted in Fig 1B (upper panels), along with their wavelet
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Fig 1. (A) Notation of the four stimuli used in the experiment. (B) Power spectral density plots (Welch's method) illustrate the formation of each chord by
moving the middle tone in the 3-tone chords progressively further from C#5 (major triad). Harmonic overtones are illustrated up to 3 kHz. The frequency
differences between the first and second tones of the dissonant chord (27 Hz), and their first harmonics (54 Hz), are indicated for the dissonant chord above
the plot. (C) For each chord, the amplitude envelope of the signal in a narrow frequency band centered on the base tone (440 Hz) is plotted above the
corresponding energy spectrogram (measured in dB, dark areas represent relatively higher energy than light areas). The dissonant chord is characterized by
strong amplitude envelope modulation at a rate of 27 Hz, corresponding to a 37 ms period.
doi:10.1371/journal.pone.0134211.g001
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spectrograms (lower panels) in the frequency range used for MEG data analysis. As predicted
by the spectral composition of the dissonant chord, the amplitude envelope around the 440 Hz
tone is strongly modulated at approximately 27 Hz, corresponding to a period of ca. 37 ms. We
repeated the temporal modulation analysis for the first harmonic of the root (880 Hz), the
results of which are shown in Supporting Information (S1 Fig).
MEG recordings
Neuronal activity was recorded in the BioMag Laboratory of the Helsinki University Central
Hospital with a 306-channel VectorView whole-head MEG system (Elekta Neuromag, Fin-
land). The signals from the 204 planar gradiometers were used in this study (on-line band-pass
filter: 0.1–172.2 Hz; sampling rate: 600.615 Hz). Planar gradiometers are sensitive to local neu-
ronal sources, whereby the spatial distribution of acquired field (gradient) patterns informs
directly on the distribution of currents in the brain. The stimuli were presented at 60 dB SPL
by the Presentation software (Neurobehavioral Systems Ltd.) through plastic tubes and silicon
earpieces to subjects' ears. Before the experiment, the positions of four marker coils placed on
the scalp were determined in relation to the nasion and both preauricular anatomical points
with an Isotrak 3D-digitizer (Polhemus Inc., USA). The position of the magnetometer with
respect to the head was determined for each experimental condition. Eye movements were
monitored with vertical and horizontal bipolar electrooculograms (EOG). Trials with the elec-
tro-oculogram signal exceeding 150 μV were excluded from further analysis. The Maxfilter sof-
ware (Elekta Neuromag Ltd., Finland) was used to suppress extra-cranial noise and to co-
localize the recordings in signal space (SSS with temporal extension; correlation limit = 0.96,
window length = 10 s, movement compensation to the "default" device coordinate origin
[0,0,0] mm).
Task
During the recordings, subjects were placed in supine position on a bed and were instructed to
concentrate on watching a silent movie with subtitles projected onto the ceiling while ignoring
the sounds. The chord stimuli were presented with a 1000 ms inter stimulus interval (ISI) in
blocks of ca. 15 min duration. Each block included a chord presented frequently, the standard
(p = .8), and a chord presented infrequently, the deviant (p = .2). The following combinations
were presented: (1) major as standard and minor as deviant; (2) minor as standard and major
as deviant; (3) major as standard and dissonant as deviant; (4) dissonant as standard and
major as deviant; (5) major as standard and mistuned as deviant; (6) mistuned as standard
and major as deviant. The presentation order of the conditions was pseudo-randomized across
subjects. Hence, the stimulation paradigm was an ignore oddball type used for measuring the
mismatch negativity (MMN), a change-specific neural evoked response to sounds [61]. MMN
responses for the deviants sounds of the present study are published elsewhere [16]. Impor-
tantly, as randomization of the infrequent stimuli reduces habituation and fatigue in long
recordings such as this, this paradigm is also very good for studying the role of neuronal oscil-
lations under passive conditions. Hence, this paradigm allows the investigation of sensory
encoding of musical sounds as well as automatic discrimination processes relying on feed-for-
ward models. The experiment lasted approximately 3 hours including preparation, breaks and
refreshments.
For the data-analyses, in order to maximize the amount of trials and to specifically avoid the
strong transient responses associated with the deviants, we analyzed the responses to the stan-
dard chords. We extracted the standard chords that were preceded by at least 1 identical stan-
dard chord, and analyzed these non-attentively perceived stimuli. The accepted trials were
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balanced across the chord category (equal number of trials / chord) for within-subject analysis
as PLF is a metric biased by the number of samples. The trials were selected iteratively from the
conditions with more trials to match the condition with fewer trials. After artifact rejection and
balancing, at least 200 trials per subject of each chord category were included in subsequent
analyses.
MEG data analysis
Each planar gradiometer channel, X(t), of the MEG time-series data was filtered into 34 fre-
quency bands, f, f = 3. . .75 Hz, with a bank of Morlet wavelets h(t,f) [30] so that the complex
filtered signal Y(t,f) is given by Y(t,f) = X(t)  h(t,f), where ‘’ denotes convolution and h(t,f) =
A e^(-t2/2σt
2) e^(2iπft). The time-domain standard deviation of the wavelet is given by σt =m/
2πf, where the parameterm = 5 defines a compromise between time and frequency resolution,
and f is the center frequency of the wavelet. The wavelet center frequencies were spaced one fre-
quency-domain standard deviation, σf = f/m, from each other. We estimated the phase-locking
(PL) of ongoing activity to the stimulus onset and the event-related oscillation amplitude mod-
ulation (AM) separately for each planar gradiometer. PL was quantified with the PL factor,
PLF(t,f), that was given for each channel by PLF = N-1 Sn (Y(t,f,n) / || Y(t,f,n) ||), where
n = 1. . .N denote the trials and |||| indicates the norm. PLV yields thus values between 0 and 1,
where 0 indicates no phase-locking and 1 indicates full phase-locking. The averaged event-
related amplitude envelopes, A(t,f), were given by A = N-1 Sn || Y(t,f,n) || [30, 62]. PL and AM
were estimated for each trial from 400 ms before, to 600 ms after stimulus onset. PL of ongoing
activity to stimulus onset reflects the temporal precision at which ongoing oscillations time-
lock to sensory stimuli, whereas AM reflects the strength of amplitude modulation.
Before the statistical group analysis, the individual subjects’ PLF(t,f) and A(t,f) were baseline
corrected by subtracting the mean PL or AM values, respectively, calculated over the pre-
stimulus period from −400 ms to −150 ms, separately for each wavelet central frequency. Sub-
sequent statistical tests were performed on each time-frequency element (of PL and AM) and
for each sensor. The baseline-corrected PL was tested against a null hypothesis of PLF = 0, by
using the Wilcoxon-signed-rank test. Similarly, baseline-corrected amplitude values were com-
pared to A = 0 using Student's t-test. To evaluate chord category and group effects on the oscil-
latory responses, we performed a 2-way ANOVA (chord: 4 levels, group: 2 levels) on both PLF
and A values. The type 1 error rate was controlled throughout using a false discovery rate
(FDR, [63]) corrected significance threshold of p< .01 over time and frequency samples. After
FDR-correction with the threshold parameter q = 0.01, 1% of the elements for which the null
hypothesis was rejected were expected to be false positives.
To obtain comprehensive and unbiased visualizations of the results for a given test, we cal-
culated time-frequency representations (TFRs) averaged over all sensors. In Figs 2 and 5B, the
color scales relate to the average PLF and A values across the sensors. In all other TFRs, the
color of each individual TF element represents the fraction (P+/-, per cent) of sensors, in which
a statistically significant positive and/or negative effect was observed for that particular TF ele-
ment. We used a cutoff value P+> 2% throughout to filter out elements that were significant
in only a few channels. To visualize the topographies associated with prominent effects
observed in the TFRs, we selected time-frequency regions of interest (TF-ROIs). In Fig 2, the
topographies show the average A and PLF values in each TF-ROI. In all other topographies,
the color at each sensor position represents the fraction (P+/-, per cent) of TF-ROI elements
surviving the corrected statistical threshold. We emphasize that the topographies are for visual-
ization purposes only, and that statistical conclusions should be based on the unbiased TFRs.
Neuronal Oscillations Reflect Processing of Musical Chords
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Fig 2. Time-frequency representations of MEG responses to musical chords reveal prominent stimulus-locking and amplitude modulation of
oscillations in a wide frequency range (TFRs averaged over all subjects, chords, and over MEG planar gradiometers). A) Left Panel. TFR shows
significant PL relative to the baseline period averaged over all subjects and all MEG-sensors (Wilcoxon's signed rank test, p < .01; FDR corrected). Robust
PL between 3 and 75 Hz is observed both during early (0–100 ms) and late (100–400 ms) post-stimulus periods. Shaded areas represent TF-elements for
which less than 2% of channels exhibited a significant effect. Right panel. The sensor topographies of selected TF-ROIs are illustrated in the sensor layouts.
Neuronal Oscillations Reflect Processing of Musical Chords
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Results
Phase and amplitude dynamics associated with sound processing
We evaluated the modulations of oscillation phase and amplitude dynamics associated with
the processing of musical chords. As described in Methods, PL reflects the temporal precision
at which ongoing neuronal activity is time-locked to stimulus onset, whereas AM describes the
mean peri-stimulus amplitude changes relative to the pre-stimulus baseline.
TFRs averaged across musicians and non-musicians as well as across the different chord
types showed prominent PL across the whole analyzed frequency range (3–75 Hz) during the
first few hundred milliseconds after stimulus onset (Fig 2A, Wilcoxon signed ranked test, p<
.01, FDR corrected). Significant PL was observed for as long as 450 ms. The TFR of AM (Fig
2B) revealed an initial amplitude increase in the 3–40 Hz range, which was followed by ampli-
tude suppression in a frequency range from 10 to 40 Hz (Fig 2B) (Student's t test, p< .01, FDR
corrected).
The right panels in Fig 2A and 2B illustrate the sensor topographies of significant PL (A)
and AM (B) of the MEG gradiometer signals with PLF and A values averaged across frequency
bands and within early (0–100 ms) and late (100–400 ms) time windows. Both the PL and
AM were modulated by the stimuli over wide areas across the scalp (illustrated by the insert in
Fig 2). Strongest PL was consistently observed in the temporal channels, particularly so for
responses in the beta and gamma frequency bands (20–75 Hz). The early positive AM showed
a similar temporal topography being most pronounced in sensors over the temporal cortex.
However, the late negative AM was observed in the channels over central, left fronto-parietal
and left temporal cortices (Fig 2B, right).
Phase and amplitude dynamics associated with musical expertise
To further evaluate whether the observed PL and AM effects were associated to musical exper-
tise or inherent to the chord stimulus type, we subjected the PL and AM data to separate 2-way
ANOVAs with factors Group and Chord.
For stimulus-induced AM, we found a main effect of Group only between 5–10 Hz and dur-
ing the first 0–300 ms (Fig 3, ANOVA, p< .01, FDR-corrected), with larger AM in musicians
compared with non-musicians, particularly in bilateral temporal sensors (right column). No
evidence for Chord-by-Group interactions (p> 0.05) was observed.
For PL data, we also found a main effect of Group, with musicians exhibiting stronger early
(0–100 ms) PL than non-musicians at frequencies between 3 and 60 Hz (Fig 4A, p< .01, FDR-
corrected; for sensor topographies see Fig 4B). Furthermore, we observed a Chord-by-Group
interaction in the gamma (40–75 Hz) frequency band during the late post-stimulus period
(100–475 ms), localized to the right-hemispheric posterior channels (Fig 4C).
To gain insight into this finding, we extracted, for each subject and chord category, the PL
values in the time-frequency range and channel subset shown in Fig 4C. As circular analyses
yield to inflated statistical observations [64], the purpose of this post-hoc analysis is merely to
visualize the contribution of each chord type PL to the observed group-by-chord interaction
effect. The mean (+/- SD) PL values for the four levels of the chord category-factor are plotted
PL is strongest in the temporal channels. Shaded areas represent channels for which less than 2% of T-elements exhibited a significant effect. B) Left Panel.
TFR shows significant AM relative to baseline averaged as in A (Student's t test, p < .01; FDR corrected). Positive AM is observed in a broad frequency range
during the first few hundred ms. The positive AM is followed by negative AM in the alpha (8–12 Hz) and beta / gamma (18–40 Hz) frequency bands. Right
panel. The positive AM is most pronounced in the bilateral temporal channels whereas the late negative AM in the 10 − 40 Hz range is observed in a slightly
left-lateralized fronto-parietal and temporal network. Inset; Outline of the Elekta Neuromag Vectorview sensor helmet when flattened to 2D and seen from
above (L = left, R = right, F = front, B = back).
doi:10.1371/journal.pone.0134211.g002
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in Fig 4D, separately for musicians and non-musicians. We thus found that in both groups, PL
to major chords was the weakest, and the relative strengths of PL to minor, mistuned and dis-
sonant chords differed between groups. Specifically, in non-musicians PL to minor dominated
over the non-prototypical and major chords, whereas the situation was reversed in musicians.
In Musicians, PL to non-prototypical chords was stronger than that to major or minor chords.
Phase and amplitude dynamics associated with chord type
No main effects of chord types were found for oscillation amplitudes (data not shown). By con-
trast, during the late post-stimulus period PL exhibited a significant main effect of Chord
(2-way ANOVA, p< .01, FDR-corrected) prominently in the 20–40 Hz and also in the 40–75
Hz frequency bands (Fig 5A). Fig 5B shows the TFRs of the mean PLF values associated with
each chord and reveals strong PL at 27 Hz for the dissonant chord type, which corresponds to
amplitude envelope modulation of the sound stimulus (cf. S1 Fig). The 54 Hz modulation of
the 880 Hz component is also highlighted (cf. S1 Fig). To reveal the sensors showing the main
effect of chord type, we averaged the PLF values across beta / low-gamma (20–40 Hz) and mid-
dle / high-gamma (40–75 Hz) bands. The sensor topographies revealed that for two TF-ROIs
the main effect of Chord was observed in the right hemispheric temporal sensors (Fig 5C). To
further characterize PL in these sensors, we performed a post-hoc analysis, in which we
extracted for each subject and chord category the mean of PLF values across the TF-ROI and
sensor selection. The mean (+/- SD) PLFs for the four levels of the chord category-factor (Fig
Fig 3. Main effect of musical expertise (Group) on response amplitude (2-way ANOVA, p < .01; FDR
corrected) induced by musical chords. A group difference in AM was observed 5 to 10 Hz range from 0 to
300 ms post-stimulus, and localized to bilateral temporal sensors (insert). Only those TF-elements (channels)
that survive the test of p < .01 (FDR-corrected) in at least 2% of channels (TF-elements) are shown (see
Methods for details).
doi:10.1371/journal.pone.0134211.g003
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5C) showed that the main effect of Chord was driven by PL to the dissonant chords so that PL
to these chords was stronger than PL to the other chords.
Discussion
We investigated using MEG recordings whether phase-locking of ongoing oscillations to stim-
ulus onset (PL) and oscillation amplitude modulation (AM) to musical chords vary between
different chord types and between musicians and non-musicians. The strength of PL varied as
a function of both chord type, and musical training, whereas the strength of oscillation AM
depended only on musical expertise. AM to chords was increased in musicians only in the low
frequency range (5–10 Hz), but the PL was enhanced over a broad frequency range in both
experimental groups (3–75 Hz). A post-hoc analysis of the Group by Chord interaction
revealed an effect in right-parietal sensors (100–475 ms), in the form of enhanced PL to disso-
nant chords in musicians and to minor chords in non-musicians. We also found that the beat
frequency in dissonant chords, i.e., the physical amplitude modulation of the sound stimulus,
was detectable in the MEG signal across subjects, irrespectively of their musical expertise.
Fig 4. Main effect of musical expertise (Group) and Group by Chord interaction on PL (2-way ANOVA, p < .01; FDR-corrected) induced bymusical
chords. A) A main effect of Group (musicians > non-musicians, red-yellow color scale) was observed in a wide frequency range between 3 and 60 Hz, and a
Group by Chord interaction (black-green color scale) in the gamma band. Only those TF-elements that survived the test of p < .01 (FDR-corrected) in at least
2% of channels are shown. B) The sensor topographies for the selected TF-ROIs show the spatial distribution of the main effect of Group, where only those
channels that survived the test of p < .01 (FDR-corrected) in at least 2% of TF-elements are shown. Musicians exhibited stronger PL in a widespread
network, with pronounced effects in temporal, parietal and central sensors. C) The sensor topography for the significant Group by Chord interaction (green
regions in panel A) reveals a cluster of right-hemispheric channels over the parietal cortices. D) Post-hoc analysis of the Group by Chord interaction. The
channel subset shown in C was used to extract the PLF values (within-group mean +/- SD) for each chord category.
doi:10.1371/journal.pone.0134211.g004
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Fig 5. Main effect of Chord on PL (2-way ANOVA, p < .01; FDR-corrected) induced by musical chords. A) Significant main effect of Chord is observed
in the 20–40 Hz and 40–75 Hz bands, between 100 and 450 ms after stimulus onset (TFR thresholded as in Fig 4). B) TFRs of PL, separately for each chord
type, averaged over subjects. Note that the color scale is intentionally chosen to emphasize mid-range PL values (red). C, above). The sensor topographies
(above) in selected TF-ROIs (dashed boxes in A) for which at least 2% of TF-elements exhibited significant effects (p < .01; FDR-corrected). The main effect
of Chord was observed predominantly in the right-hemispheric sensors in both ROIs. C, below). Post-hoc analysis of the PL values (mean over subjects +/-
SD) in the TF-regions in A and sensor selection in C (above) indicates that the observed effect is caused by PL of population oscillations to the periodic
amplitude envelope fluctuation of the dissonant chord (see also Fig 1).
doi:10.1371/journal.pone.0134211.g005
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Musical expertise is reflected in enhanced PL in response to musical
chords
Our aim was to characterize the implications of musical expertise with respect to phase and
amplitude dynamics of brain oscillations triggered by three-tone chords played with a realisti-
cally sounding piano timbre. In Fig 4A we show that in musicians, the early PL to the presenta-
tion of musical chords is enhanced compared to non-musicians in the sensors over the parietal
and temporal cortices over a wide frequency range from theta to gamma frequency bands dur-
ing the first ~300 ms, i.e., during the traditional time-averaged ER component. Oscillation
amplitudes were also stronger in musicians compared to non-musicians, but only in a limited
(5–10 Hz) frequency band and channel subset (see Fig 3). We thus conclude that the temporal
precision of event-related dynamics is specifically enhanced by musical expertise, rather than
overall strength of the response.
As the strengthened PL in musicians compared to non-musicians took place in the time-
window of the ERs, our results suggest that common observations in the literature of the effects
of musical training on the ERs, including our previous study on a subset of the data presented
here [16], could be partially due to enhanced PL of ongoing oscillations. Our PL findings are in
line with the data showing that phase resetting of ongoing alpha oscillations contributes to the
generation of the auditory ERs [65, 66]. In other words, the neural mechanism underlying the
superior psychoacoustic acuity and neural representation of salient sounds in musicians might
derive from a more synchronized firing of cortical neurons in response to sound features,
rather than or in addition to a larger spatial recruitment of neuronal populations. The latter
prevalent view on the neural mechanisms governing music-derived plasticity was supported by
evidence of enlarged gray matter of the Heschl’s gyrus and the planum temporale in musicians
[67, 68]. Our findings do not contradict the anatomical observations but provide additional
knowledge on the neurophysiological correlates of musical expertise. Furthermore, the effect of
musical expertise on the phase rather than oscillation amplitude dynamics is consistent with
the findings, which show that training in the auditory domain modulates the phase of the
theta-band oscillations [69]. Oscillation phase-dependent coding is indeed central in the neural
processing of auditory stimuli. Phase-dependent coding is evident in association with behav-
ioral performance of auditory tasks [70], but also in the delta and theta band phase-entrain-
ment, such as during the discrimation of speech stimuli [71], and attending a stream of
audiovisual stimuli [72–74]. Our results therefore add to a growing body of literature on the
importance of phase based coding in the auditory system.
Gamma-band PL reflects chord specificity and musical expertise
PL in the gamma- but not in the lower-frequency bands was sensitive to the chord-type. These
results support and extend prior data [26, 27] in that phase-locked gamma oscillations signal
the encoding of auditory stimulus features. Taken together, phase-locked gamma oscillations
have been observed only for language and music therefore supporting the view that auditory
evoked gamma oscillations may reflect the memory match or feed-forward template for well-
learned auditory stimuli [26, 42, 43].
Here we found a significant Group by Chord interaction in the long-latency gamma band
PL (Fig 4A) in posterior parietal sensors (Fig 4C) that was specifically due to a difference in the
relative strength of PL to minor, mistuned and dissonant chords. In detail, PL to minor chords
was stronger than to other chords in non-musicians, whereas in musicians PL to the non-pro-
totypical mistuned was stronger than to the other chords. Hence, these results are in line with
our hypothesis and show that in addition to behavioral and automatic neural responses
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observed for the mistuned non-prototypical chords in musicians [16], also the neuronal phase
dynamics to these sounds is modulated by musical experience.
Further, in contrast to minor, mistuned, and dissonant chords, PL to the major chord,
which forms the basis of most Western music styles and is thus highly familiar to most people,
was weak in both groups, suggesting that its processing was achieved with relatively weak effort
therefore supporting the idea of existing feed-forward templates for these well-learned stimuli.
Repetition of sensory stimuli leads to both increases and decreases of neuronal activities
depending on the number of repetition. Previous studies which have reported both decreased
[75, 76] and increased [77] gamma band response amplitudes for learned versus novel stimuli
therefore show that the relationship between the strength of neuronal responses and learning is
not straightforward. Indeed experience dependent modification in sensory processing net-
works are complex involving both the modification in the feed-forward processing networks as
well as dynamics of recurrent interactions [42]. Thereby, taken that gamma band PL reflects
the representation of musical chords, musical experience may both increase and decrease the
strength of neuronal gamma oscillations depending on the phase of learning.
Musicians are daily exposed to a wide variety of sounds, and our musician participants were
mainly classical instrumentalists, listening to the classical music style, which contains a larger
variety of chords than those present in the mainstream pop-rock genre mainly preferred by
non-musicians.
Taken together, the results suggest that the enhanced gamma-band PL in musicians com-
pared to non-musicians for the non-prototypical chords may reflect enhanced familiarity with
these sounds encountered less often by non-musicians. In contrast, the increased PL to minor
chords in non-musicians compared to that of mistuned and dissonant chords, possibly reflect
the moderate familiarity of minor chords to non-musicians, these chords being commonly
used in Western popular music, in contrast to the non-prototypical chords that are and less fre-
quently heard by non-musicians in their daily music consumption.
These data suggest that familiarity of sound stimuli derived from the individual listening
and playing biography may account for some of the observed variability. For instance, musical
training has been shown to strengthen evoked as well as induced gamma band responses in
musicians but only to the timbre of the played instrument [45]. We speculate that elevated
gamma band amplitude and/or PL may reflect increased allocation of processing resources
towards moderately familiar stimuli, which are subjectively salient but yet not well learned.
The purpose of such an allocation might be to modify existing feed-forward templates to
include features of the unfamiliar sounds or reflect the matching of moderately unfamiliar sen-
sory stimuli with existing templates.
PL responses to the amplitude envelope of musical chords
In contrast to group-by-chord interactions observed in the high-gamma band, the long-latency
beta- / low-gamma band PL component showed a main effect of chord irrespective of the musi-
cal expertise. This effect corresponded to the main peaks of the sound amplitude envelope of
the dissonant chords, namely the 27 Hz modulation of the root 440 Hz tone (A4) and 54 Hz
modulation of the first harmonic of the root (880 Hz). This result suggest that PL to the ampli-
tude modulation of a complex sound previously observed in intracranial measurements of
responses to tone intervals [78] is also detectable in MEGmeasurements to sounds of ecolog-
ically valid duration and loudness profile. Previous studies showed that the discernment of
pitch of dissonant sound spectra that contain poorly resolved frequency components is sup-
ported by neuronal PL to the temporal periodicity of the amplitude-modulated sound envelope
in cell populations in the primary auditory cortex [79–83]. Perception of sensory dissonance in
Neuronal Oscillations Reflect Processing of Musical Chords
PLOS ONE | DOI:10.1371/journal.pone.0134211 August 20, 2015 14 / 21
tone intervals correlates with the strength of PL responses of primary auditory cortex ensem-
bles to the amplitude envelope "beats", measured intracranially [78]. The propensity of neuro-
nal populations in the human auditory cortex to phase-lock its activity to stimulus amplitude
modulations can also be observed extracranially in EEG and MEGmeasurements in the audi-
tory steady-state response (ASSR), which are obtained by adding (artificial) periodic ampli-
tude/frequency modulations to the stimuli [84–87]. In contrast to previous observations
showing that repeated sound exposure advances the phase of the ASSR both in attended and
non-attended conditions [88], we did not find evidence that musical expertise modifies the
degree of long-latency PL to the amplitude envelope of dissonant chords in either hemisphere.
Hence, we suggest that our results identify the auditory cortical PL response to the amplitude-
modulated envelope as a central neural mechanism for dissonance encoding that is relatively
resistant to plastic remodeling. However, we did not apply a direct test of the neural envelope
following response. Such a test would involve localising an auditory source and cross-correlat-
ing its signal to the stimulus envelope (e.g. [89]). Further studies specifically optimized to study
this proposition are warranted.
The observed PL to the stimulus amplitude envelope was stronger in the right hemisphere,
in accordance with the hypothesis that the relative distribution of cells that synchronize (tem-
poral encoding) or do not synchronize (rate encoding) to repetitive acoustic events may differ
between the hemispheres [90]. More generally, the “asymmetric sampling in time” (AST)
hypothesis, predicts that processes that require analysis of extended samples of the input signal
(100–300 ms duration) are lateralized to the right hemisphere, compared with the shorter
time-scale processes lateralized to the left (20–50 ms) [91]. Results from both human psycho-
physical [92] and monkey electrophysiological [79] experiments indicate that the encoding of
pitch of unresolved harmonics requires analysis of waveform periodicity and, as a consequence,
longer temporal integration windows (on the order of 100 ms) than when signal components
can be resolved spectrally (~25 ms) [93, 94].
Conclusions
In the present study, we show that musical expertise is reflected in generally enhanced PL of
ongoing oscillations to the onset of musical chords. Long-latency gamma band responses were
sensitive to chord type and hence likely reflected sound feature representation. Musicians had
strengthened PL to non-prototypical chords while non-musicians had strengthened PL to
minor chords. Hence, the neuronal coupling to chords exhibited a complex relationship with
musical expertise and stimulus type, which may reflect formation and modification of neuronal
sound representations. We also observed right-lateralized PL corresponding to the amplitude
envelope of dissonant chords, but did not find evidence for its modulation by musical expertise,
suggesting that it could be part of a relatively “hard-wired” processing system routing the sam-
pling of temporally slower events to the right hemisphere.
In sum, our findings of synchronized phase coupling to dissonant frequency content in all
subjects and of enhanced PL to salient non-prototypical chords in musicians well comply with
the latest view on (musical) expertise. Diverging from the initial proposal by Ericsson and col-
leagues [95], which emphasizes the role of deliberate practice over any innate ability, research-
ers currently agree with viewing expertise as an integrated composite of innate dispositional
traits, cognitive abilities and deliberate practice, having a strong genetic component [96, 97].
We also observed right-lateralized PL corresponding to the amplitude envelope of dissonant
chords, but did not find evidence for its modulation by musical expertise, suggesting that it
could be part of a relatively “hard-wired” processing system routing the sampling of temporally
slower events to the right hemisphere. Further studies on auditory learning-induced plasticity
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that specifically control for familiarity and salience factors are warranted in order to disentan-
gle the effects of the temporal sharpening of neuronal responses to sound stimuli, reflected as
increased PL, from amplitude changes.
Supporting Information
S1 Fig. “Amplitude envelope modulation of the sound stimuli”.
(TIF)
S1 Stimulus File. “Major chord”.
(WAV)
S2 Stimulus File. “Minor chord”.
(WAV)
S3 Stimulus File. “Dissonant chord”.
(WAV)
S4 Stimulus File. “Mistuned chord”.
(WAV)
Acknowledgments
We wish to thank the former Director of the BioMag Laboratory, Helsinki University Central
Hospital, Finland, Professor Risto Ilmoniemi, for the opportunity to conduct the measure-
ments, and for stimulating discussions.
Author Contributions
Conceived and designed the experiments: KJP CJB EB SP JMP. Performed the experiments:
KJP EB CJB. Analyzed the data: KJP CJB SP JMP. Contributed reagents/materials/analysis
tools: JMP. Wrote the paper: KJP CJB EB AG SP JMP.
References
1. Kraus N, Chandrasekaran B. Music training for the development of auditory skills. Nat Rev Neurosci.
2010; 11(8):599–605. Epub 2010/07/22. doi: nrn2882 [pii] doi: 10.1038/nrn2882 PMID: 20648064.
2. Spiegel MF, Watson CS. Performance on frequency-discrimination tasks by musicians and nonmusi-
cians. The Journal of the Acoustical Society of America 1984; 766:1690–5.
3. Bidelman GM, Gandour JT, Krishnan A. Cross-domain effects of music and language experience on
the representation of pitch in the human auditory brainstem. J Cogn Neurosci. 2011; 23(2):425–34.
Epub 2009/11/21. doi: 10.1162/jocn.2009.21362 PMID: 19925180.
4. Pallesen KJ, Brattico E, Bailey CJ, Korvenoja A, Koivisto J, Gjedde A, et al. Cognitive control in auditory
working memory is enhanced in musicians. PLoS ONE. 2010; 5(6):e11120. Epub 2010/06/19. doi: 10.
1371/journal.pone.0011120 PMID: 20559545; PubMed Central PMCID: PMC2886055.
5. Bailey JA, Penhune VB. Rhythm synchronization performance and auditory working memory in early-
and late-trained musicians. Exp Brain Res. 2010; 204(1):91–101. Epub 2010/05/29. doi: 10.1007/
s00221-010-2299-y PMID: 20508918.
6. Musacchia G, Sams M, Skoe E, Kraus N. Musicians have enhanced subcortical auditory and audiovi-
sual processing of speech and music. Proc Natl Acad Sci U S A. 2007; 104(40):15894–8. Epub 2007/
09/28. doi: 0701498104 [pii] doi: 10.1073/pnas.0701498104 PMID: 17898180; PubMed Central
PMCID: PMC2000431.
7. Pantev C, Herholz SC. Plasticity of the human auditory cortex related to musical training. Neurosci Bio-
behav Rev. 2011; 35(10):2140–54. Epub 2011/07/19. doi: S0149-7634(11)00120-5 [pii] doi: 10.1016/j.
neubiorev.2011.06.010 PMID: 21763342.
Neuronal Oscillations Reflect Processing of Musical Chords
PLOS ONE | DOI:10.1371/journal.pone.0134211 August 20, 2015 16 / 21
8. Herholz SC, Zatorre RJ. Musical training as a framework for brain plasticity: behavior, function, and
structure. Neuron. 2012; 76(3):486–502. Epub 2012/11/13. doi: S0896-6273(12)00931-2 [pii] doi: 10.
1016/j.neuron.2012.10.011 PMID: 23141061.
9. Zatorre RJ. Predispositions and plasticity in music and speech learning: neural correlates and implica-
tions. Science. 2013; 342(6158):585–9. Epub 2013/11/02. doi: 342/6158/585 [pii] doi: 10.1126/science.
1238414 PMID: 24179219.
10. Schneider P, Scherg M, Dosch HG, Specht HJ, Gutschalk A, Rupp A. Morphology of Heschl's gyrus
reflects enhanced activation in the auditory cortex of musicians. Nat Neurosci. 2002; 5(7):688–94.
Epub 2002/06/18. doi: 10.1038/nn871 nn871 [pii]. PMID: 12068300.
11. Bosnyak DJ, Eaton RA, Roberts LE. Distributed auditory cortical representations are modified when
non-musicians are trained at pitch discrimination with 40 Hz amplitude modulated tones. Cereb Cortex.
2004; 14(10):1088–99. PMID: 15115745.
12. Pantev C, Oostenveld R, Engelien A, Ross B, Roberts LE, Hoke M. Increased auditory cortical repre-
sentation in musicians. 1998; 392(6678):811–4.
13. Shahin A, Bosnyak DJ, Trainor LJ, Roberts LE. Enhancement of neuroplastic P2 and N1c auditory
evoked potentials in musicians. J Neurosci. 2003; 23(13):5545–52. Epub 2003/07/05. doi: 23/13/5545
[pii]. PMID: 12843255.
14. Kuriki S, Kanda S, Hirata Y. Effects of musical experience on different components of MEG responses
elicited by sequential piano-tones and chords. J Neurosci. 2006; 26(15):4046–53. Epub 2006/04/14.
doi: 26/15/4046 [pii] doi: 10.1523/JNEUROSCI.3907-05.2006 PMID: 16611821.
15. Musacchia G, Strait D, Kraus N. Relationships between behavior, brainstem and cortical encoding of
seen and heard speech in musicians and non-musicians. Hear Res. 2008; 241(1–2):34–42. Epub
2008/06/20. doi: S0378-5955(08)00079-8 [pii] doi: 10.1016/j.heares.2008.04.013 PMID: 18562137;
PubMed Central PMCID: PMC2701624.
16. Brattico E, Pallesen KJ, Varyagina O, Bailey C, Anourova I, Jarvenpaa M, et al. Neural discrimination of
nonprototypical chords in music experts and laymen: an MEG study. J Cogn Neurosci. 2009; 21(11):
2230–44. Epub 2008/10/16. doi: 10.1162/jocn.2008.21144 PMID: 18855547.
17. Brattico E, Tupala T, Glerean E, Tervaniemi M. Modulated neural processing of Western harmony in
folk musicians. Psychophysiology. 2013; 50(7):653–63. Epub 2013/05/10. doi: 10.1111/psyp.12049
PMID: 23656582.
18. Garrido MI, Kilner JM, Stephan KE, Friston KJ. The mismatch negativity: a review of underlying mecha-
nisms. Clinical Neurophysiology. 2009; 120(3):453–63. Epub 2009/02/03. doi: S1388-2457(08)01268-
6 [pii] doi: 10.1016/j.clinph.2008.11.029 PMID: 19181570; PubMed Central PMCID: PMC2671031.
19. Brattico E, Tervaniemi M, Picton TW. Effects of brief discrimination-training on the auditory N1 wave.
Neuroreport. 2003; 14(18):2489–92. Epub 2003/12/10. doi: 10.1097/01.wnr.0000098748.87269.a1
PMID: 14663216.
20. Menning H, Roberts LE, Pantev C. Plastic changes in the auditory cortex induced by intensive fre-
quency discrimination training. Neuroreport. 2000; 11(4):817–22. Epub 2000/04/11. PMID: 10757526.
21. vanWassenhove V, Nagarajan SS. Auditory cortical plasticity in learning to discriminate modulation
rate. J Neurosci. 2007; 27(10):2663–72. Epub 2007/03/09. doi: 27/10/2663 [pii] doi: 10.1523/
JNEUROSCI.4844-06.2007 PMID: 17344404.
22. Singer W. Distributed processing and temporal codes in neuronal networks. Cogn Neurodyn. 2009;
3(3):189–96. Epub 2009/06/30. doi: 10.1007/s11571-009-9087-z PMID: 19562517; PubMed Central
PMCID: PMC2727167.
23. Womelsdorf T, Fries P. The role of neuronal synchronization in selective attention. Curr Opin Neurobiol.
2007; 17(2):154–60. Epub 2007/02/20. doi: S0959-4388(07)00026-8 [pii] doi: 10.1016/j.conb.2007.02.
002 PMID: 17306527.
24. Palva S, Palva JM. Functional roles of alpha-band phase synchronization in local and large-scale corti-
cal networks. Front Psychol. 2011; 2:204. Epub 2011/09/17. doi: 10.3389/fpsyg.2011.00204 PMID:
21922012; PubMed Central PMCID: PMC3166799.
25. Singer W. Neuronal synchrony: a versatile code for the definition of relations? Neuron. 1999; 24(1):
49–65, 111–25. Epub 2000/02/17. doi: S0896-6273(00)80821-1 [pii]. PMID: 10677026.
26. Palva S, Palva J, Shtyrov Y, Kujala T, Ilmoniemi R, Kaila K, et al. Distinct gamma-band evoked
responses to speech and non-speech sounds in humans. J Neurosci. 2002; 22(4):RC211. PMID:
11844845
27. Kaiser J, Lennert T, Lutzenberger W. Dynamics of oscillatory activity during auditory decision making.
Cereb Cortex. 2007; 17(10):2258–67. Epub 2006/12/02. doi: bhl134 [pii] doi: 10.1093/cercor/bhl134
PMID: 17138595.
Neuronal Oscillations Reflect Processing of Musical Chords
PLOS ONE | DOI:10.1371/journal.pone.0134211 August 20, 2015 17 / 21
28. Martinovic J, Gruber T, Muller MM. Coding of visual object features and feature conjunctions in the
human brain. PLoS ONE. 2008; 3(11):e3781. Epub 2008/11/22. doi: 10.1371/journal.pone.0003781
PMID: 19023428; PubMed Central PMCID: PMC2582493.
29. Lachaux JP, George N, Tallon-Baudry C, Martinerie J, Hugueville L, Minotti L, et al. The many faces of
the gamma band response to complex visual stimuli. Neuroimage. 2005; 25(2):491–501. Epub 2005/
03/24. doi: S1053-8119(04)00734-7 [pii] doi: 10.1016/j.neuroimage.2004.11.052 PMID: 15784428.
30. Tallon-Baudry C, Bertrand O, Delpuech C, Pernier J. Stimulus specificity of phase-locked and non-
phase-locked 40 Hz visual responses in human. J Neurosci. 1996; 16(13):4240–9. Epub 1996/07/01.
PMID: 8753885.
31. Zion-Golumbic E, Golan T, Anaki D, Bentin S. Human face preference in gamma-frequency EEG activ-
ity. Neuroimage. 2008; 39(4):1980–7. Epub 2007/12/18. doi: S1053-8119(07)00944-5 [pii] doi: 10.
1016/j.neuroimage.2007.10.025 PMID: 18083564; PubMed Central PMCID: PMC2268116.
32. Anaki D, Zion-Golumbic E, Bentin S. Electrophysiological neural mechanisms for detection, configural
analysis and recognition of faces. Neuroimage. 2007; 37(4):1407–16. Epub 2007/08/11. doi: S1053-
8119(07)00484-3 [pii] doi: 10.1016/j.neuroimage.2007.05.054 PMID: 17689102.
33. Zion-Golumbic E, Bentin S. Dissociated neural mechanisms for face detection and configural encoding:
evidence from N170 and induced gamma-band oscillation effects. Cereb Cortex. 2007; 17(8):1741–9.
Epub 2006/10/26. doi: bhl100 [pii] doi: 10.1093/cercor/bhl100 PMID: 17062635.
34. Vidal JR, Chaumon M, O'Regan JK, Tallon-Baudry C. Visual grouping and the focusing of attention
induce gamma-band oscillations at different frequencies in humanmagnetoencephalogram signals. J
Cogn Neurosci. 2006; 18(11):1850–62. Epub 2006/10/31. doi: 10.1162/jocn.2006.18.11.1850 PMID:
17069476.
35. Keil A, Muller MM. Feature selection in the human brain: electrophysiological correlates of sensory
enhancement and feature integration. Brain Res. 2010; 1313:172–84. Epub 2009/12/17. doi: S0006-
8993(09)02608-0 [pii] doi: 10.1016/j.brainres.2009.12.006 PMID: 20005214; PubMed Central PMCID:
PMC3664361.
36. Honkanen R, Rouhinen S, Wang SH, Palva JM, Palva S. GammaOscillations Underlie the Mainte-
nance of Feature-Specific Information and the Contents of Visual Working Memory. Cereb Cortex.
2014;in press. Epub 2014/11/19. doi: bhu263 [pii] doi: 10.1093/cercor/bhu263 PMID: 25405942.
37. Kaiser J, Hertrich I, Ackermann H, Lutzenberger W. Gamma-band activity over early sensory areas pre-
dicts detection of changes in audiovisual speech stimuli. Neuroimage. 2006; 30(4):1376–82. Epub
2005/12/21. doi: S1053-8119(05)02442-0 [pii] doi: 10.1016/j.neuroimage.2005.10.042 PMID:
16364660.
38. Ruiz MH, Koelsch S, Bhattacharya J. Decrease in early right alpha band phase synchronization and
late gamma band oscillations in processing syntax in music. Hum Brain Mapp. 2009; 30(4):1207–25.
Epub 2008/06/24. doi: 10.1002/hbm.20584 PMID: 18571796.
39. Kaiser J, Heidegger T, Wibral M, Altmann CF, Lutzenberger W. Distinct gamma-band components
reflect the short-termmemory maintenance of different sound lateralization angles. Cereb Cortex.
2008; 18(10):2286–95. Epub 2008/02/07. doi: bhm251 [pii] doi: 10.1093/cercor/bhm251 PMID:
18252742; PubMed Central PMCID: PMC2536701.
40. Kaiser J, Rahm B, Lutzenberger W. Temporal dynamics of stimulus-specific gamma-band activity com-
ponents during auditory short-term memory. Neuroimage. 2009; 44(1):257–64. Epub 2008/09/16. doi:
S1053-8119(08)00944-0 [pii] doi: 10.1016/j.neuroimage.2008.08.018 PMID: 18790066.
41. Ben-Ari Y. Developing networks play a similar melody. Trends Neurosci. 2001; 24(6):353–60. Epub
2001/05/18. doi: S0166-2236(00)01813-0 [pii]. PMID: 11356508.
42. Singer W. Development and plasticity of cortical processing architectures. Science. 1995; 270(5237):
758–64. Epub 1995/11/03. PMID: 7481762.
43. Herrmann CS, Munk MH, Engel AK. Cognitive functions of gamma-band activity: memory match and
utilization. Trends Cogn Sci. 2004; 8(8):347–55. Epub 2004/09/01. doi: 10.1016/j.tics.2004.06.006
S1364-6613(04)00165-2 [pii]. PMID: 15335461.
44. Widmann A, Gruber T, Kujala T, Tervaniemi M, Schroger E. Binding symbols and sounds: evidence
from event-related oscillatory gamma-band activity. Cereb Cortex. 2007; 17(11):2696–702. Epub 2007/
02/03. doi: bhl178 [pii] doi: 10.1093/cercor/bhl178 PMID: 17272264.
45. Shahin AJ, Roberts LE, ChauW, Trainor LJ, Miller LM. Music training leads to the development of tim-
bre-specific gamma band activity. Neuroimage. 2008; 41(1):113–22. Epub 2008/04/01. doi: S1053-
8119(08)00109-2 [pii] doi: 10.1016/j.neuroimage.2008.01.067 PMID: 18375147.
46. Ott CG, Stier C, Herrmann CS, Jancke L. Musical expertise affects attention as reflected by auditory-
evoked gamma-band activity in human EEG. Neuroreport. 2013; 24(9):445–50. Epub 2013/05/11. doi:
10.1097/WNR.0b013e328360abdb 00001756-201306190-00001 [pii]. PMID: 23660630.
Neuronal Oscillations Reflect Processing of Musical Chords
PLOS ONE | DOI:10.1371/journal.pone.0134211 August 20, 2015 18 / 21
47. Gill KZ, Purves D. A biological rationale for musical scales. PLoS ONE. 2009; 4(12):e8144. Epub 2009/
12/10. doi: 10.1371/journal.pone.0008144 PMID: 19997506; PubMed Central PMCID: PMC2779864.
48. Schellenberg EG, Trehub SE. Natural musical intervals: Evidence from infant listeners. Psychological
science. 1996; 7(5):272–7.
49. Zentner MR, Kagan J. Perception of music by infants. Nature. 1996; 383(6595):29. PMID: 8779711
50. Zentner MR, Kagan J. Infants0 perception of consonance and dissonance in music. Inf Behav Dev.
1998; 21(3):483–92.
51. Helmholtz H. On the sensations of tone (Dover ed.1954). New York: Dover Publications, Inc.; 1885.
52. Plomp R, Levelt WJ. Tonal consonance and critical bandwidth. J Acoust Soc Am. 1965; 38(4):548–60.
PMID: 5831012
53. Terhardt E. Psychoacoustic evaluation of musical sounds. Percept Psychophys. 1978; 23(6):483–92.
Epub 1978/06/01. PMID: 683832.
54. Joris PX, Schreiner CE, Rees A. Neural processing of amplitude-modulated sounds. Physiol Rev.
2004; 84(2):541–77. Epub 2004/03/27. doi: 10.1152/physrev.00029.2003 84/2/541 [pii]. PMID:
15044682.
55. Cousineau M, McDermott JH, Peretz I. The basis of musical consonance as revealed by congenital
amusia. Proc Natl Acad Sci U S A. 2012; 109(48):19858–63. Epub 2012/11/15. doi: 1207989109 [pii]
doi: 10.1073/pnas.1207989109 PMID: 23150582; PubMed Central PMCID: PMC3511708.
56. Piston W. Harmony. fifth ed. New York: W.W. Norton & Company; 1987
57. Pallesen KJ, Brattico E, Bailey C, Korvenoja A, Gjedde A. Cognitive and emotional modulation of brain
default operation. J Cogn Neurosci. 2009; 21(6):1065–80. Epub 2008, Aug 27. doi: 10.1162/jocn.2009.
21086 PMID: 18752396
58. Pallesen KJ, Brattico E, Bailey C, Korvenoja A, Koivisto J, Gjedde A, et al. Emotion processing of
major, minor, and dissonant chords: a functional magnetic resonance imaging study. Ann N Y Acad
Sci. 2005; 1060:450–3. PMID: 16597801
59. Dellacherie D, Roy M, Hugueville L, Peretz I, Samson S. The effect of musical experience on emotional
self-reports and psychophysiological responses to dissonance. Psychophysiology. 2010; 48(3):337–49.
Epub 2010/08/13. doi: PSYP1075 [pii] doi: 10.1111/j.1469-8986.2010.01075.x PMID: 20701708.
60. Koelsch S, Gunter TC, Schroger E, Tervaniemi M, Sammler D, Friederici AD. Differentiating ERAN and
MMN: an ERP study. 2001; 12(7):1385–9.
61. Naatanen R. The mismatch negativity: a powerful tool for cognitive neuroscience. Ear Hear. 1995; 16(1):
6–18. PMID: 7774770
62. Sinkkonen J, Tiitinen H, Naatanen R. Gabor filters: an informative way for analysing event-related brain
activity. J Neurosci Methods. 1995; 56(1):99–104. Epub 1995/01/01. doi: 016502709400111S [pii].
PMID: 7715251.
63. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to
multiple testing. Jounal of the Royal Statistical Society Series B. 1995; 57(1):289–300.
64. Kriegeskorte N, SimmonsWK, Bellgowan PS, Baker CI. Circular analysis in systems neuroscience: the
dangers of double dipping. Nat Neurosci. 2009; 12(5):535–40. Epub 2009/04/28. doi: nn.2303 [pii] doi:
10.1038/nn.2303 PMID: 19396166; PubMed Central PMCID: PMC2841687.
65. Becker R, Ritter P, Villringer A. Influence of ongoing alpha rhythm on the visual evoked potential. Neu-
roimage. 2008; 39(2):707–16. Epub 2007/11/03. doi: S1053-8119(07)00797-5 [pii] doi: 10.1016/j.
neuroimage.2007.09.016 PMID: 17977023.
66. Fellinger R, KlimeschW, GruberW, Freunberger R, Doppelmayr M. Pre-stimulus alpha phase-alignment
predicts P1-amplitude. Brain Res Bull. 2011; 85(6):417–23. Epub 2011/04/09. doi: S0361-9230(11)
00133-X [pii] doi: 10.1016/j.brainresbull.2011.03.025 PMID: 21473900; PubMed Central PMCID:
PMC3144391.
67. Schneider P, Scherg M, Dosch HG, Specht HJ, Gutschalk A, Rupp A. Morphology of Heschl's gyrus
reflects enhanced activation in the auditory cortex of musicians. 2002; 5(7):688–94.
68. Hyde KL, Lerch J, Norton A, Forgeard M, Winner E, Evans AC, et al. Musical training shapes structural
brain development. J Neurosci. 2009; 29(10):3019–25. Epub 2009/03/13. doi: 29/10/3019 [pii] doi: 10.
1523/JNEUROSCI.5118-08.2009 PMID: 19279238.
69. Luo H, Tian X, Song K, Zhou K, Poeppel D. Neural response phase tracks how listeners learn new
acoustic representations. Curr Biol. 2013; 23(11):968–74. Epub 2013/05/15. doi: S0960-9822(13)
00439-9 [pii] doi: 10.1016/j.cub.2013.04.031 PMID: 23664974.
70. Anderson S, Skoe E, Chandrasekaran B, Kraus N. Neural timing is linked to speech perception in
noise. J Neurosci. 2010; 30(14):4922–6. Epub 2010/04/08. doi: 30/14/4922 [pii] doi: 10.1523/
JNEUROSCI.0107-10.2010 PMID: 20371812; PubMed Central PMCID: PMC2862599.
Neuronal Oscillations Reflect Processing of Musical Chords
PLOS ONE | DOI:10.1371/journal.pone.0134211 August 20, 2015 19 / 21
71. Luo H, Poeppel D. Phase patterns of neuronal responses reliably discriminate speech in human audi-
tory cortex. Neuron. 2007; 54(6):1001–10. Epub 2007/06/22. doi: S0896-6273(07)00413-8 [pii] doi: 10.
1016/j.neuron.2007.06.004 PMID: 17582338; PubMed Central PMCID: PMC2703451.
72. Besle J, Schevon CA, Mehta AD, Lakatos P, Goodman RR, McKhann GM, et al. Tuning of the human
neocortex to the temporal dynamics of attended events. J Neurosci. 2011; 31(9):3176–85. Epub 2011/
03/04. doi: 31/9/3176 [pii] doi: 10.1523/JNEUROSCI.4518-10.2011 PMID: 21368029; PubMed Central
PMCID: PMC3081726.
73. Lakatos P, Chen CM, O'Connell MN, Mills A, Schroeder CE. Neuronal oscillations and multisensory
interaction in primary auditory cortex. Neuron. 2007; 53(2):279–92. Epub 2007/01/17. doi: S0896-6273
(06)00996-2 [pii] doi: 10.1016/j.neuron.2006.12.011 PMID: 17224408; PubMed Central PMCID:
PMC3717319.
74. Lakatos P, Karmos G, Mehta AD, Ulbert I, Schroeder CE. Entrainment of neuronal oscillations as a
mechanism of attentional selection. Science. 2008; 320(5872):110–3. Epub 2008/04/05. doi: 320/5872/
110 [pii] doi: 10.1126/science.1154735 PMID: 18388295.
75. Gruber T, Muller MM. Effects of picture repetition on induced gamma band responses, evoked poten-
tials, and phase synchrony in the human EEG. Brain Res Cogn Brain Res. 2002; 13(3):377–92. Epub
2002/03/29. doi: S0926641001001306 [pii]. PMID: 11919002.
76. Fiebach CJ, Gruber T, Supp GG. Neuronal mechanisms of repetition priming in occipitotemporal cortex:
spatiotemporal evidence from functional magnetic resonance imaging and electroencephalography. J
Neurosci. 2005; 25(13):3414–22. Epub 2005/04/01. doi: 25/13/3414 [pii] doi: 10.1523/JNEUROSCI.
4107-04.2005 PMID: 15800196.
77. Perfetti B, Moisello C, Landsness EC, Kvint S, Lanzafame S, Onofrj M, et al. Modulation of gamma and
theta spectral amplitude and phase synchronization is associated with the development of visuo-motor
learning. J Neurosci. 2011; 31(41):14810–9. Epub 2011/10/14. doi: 31/41/14810 [pii] doi: 10.1523/
JNEUROSCI.1319-11.2011 PMID: 21994398; PubMed Central PMCID: PMC3206224.
78. Fishman YI, Volkov IO, Noh MD, Garell PC, Bakken H, Arezzo JC, et al. Consonance and dissonance
of musical chords: neural correlates in auditory cortex of monkeys and humans. J Neurophysiol. 2001;
86(6):2761–88. PMID: 11731536
79. Steinschneider M, Reser DH, Fishman YI, Schroeder CE, Arezzo JC. Click train encoding in primary
auditory cortex of the awake monkey: evidence for two mechanisms subserving pitch perception. J
Acoust Soc Am. 1998; 104(5):2935–55. Epub 1998/11/20. PMID: 9821339.
80. Brugge JF, Nourski KV, Oya H, Reale RA, Kawasaki H, Steinschneider M, et al. Coding of repetitive
transients by auditory cortex on Heschl's gyrus. J Neurophysiol. 2009; 102(4):2358–74. Epub 2009/08/
14. doi: 91346.2008 [pii] doi: 10.1152/jn.91346.2008 PMID: 19675285; PubMed Central PMCID:
PMC2775384.
81. Fishman YI, Reser DH, Arezzo JC, Steinschneider M. Complex tone processing in primary auditory cor-
tex of the awake monkey. II. Pitch versus critical band representation. J Acoust Soc Am. 2000; 108(1):
247–62. Epub 2000/08/03. PMID: 10923889.
82. Fishman YI, Reser DH, Arezzo JC, Steinschneider M. Complex tone processing in primary auditory cor-
tex of the awake monkey. I. Neural ensemble correlates of roughness. J Acoust Soc Am. 2000; 108(1):
235–46. Epub 2000/08/03. PMID: 10923888.
83. Bendor D, Wang X. Neural coding of periodicity in marmoset auditory cortex. J Neurophysiol. 2010;
103(4):1809–22. Epub 2010/02/12. doi: 00281.2009 [pii] doi: 10.1152/jn.00281.2009 PMID: 20147419;
PubMed Central PMCID: PMC2853289.
84. Galambos R, Makeig S, Talmachoff PJ. A 40-Hz auditory potential recorded from the human scalp.
Proc Natl Acad Sci U S A. 1981; 78(4):2643–7. Epub 1981/04/01. PMID: 6941317; PubMed Central
PMCID: PMC319406.
85. Gutschalk A, Mase R, Roth R, Ille N, Rupp A, Hahnel S, et al. Deconvolution of 40 Hz steady-state fields
reveals two overlapping source activities of the human auditory cortex. Clinical Neurophysiology. 1999;
110(5):856–68. Epub 1999/07/10. doi: S1388-2457(99)00019-X [pii]. PMID: 10400199.
86. Patel AD, Balaban E. Temporal patterns of human cortical activity reflect tone sequence structure.
Nature. 2000; 404(6773):80–4. Epub 2000/03/15. doi: 10.1038/35003577 PMID: 10716446.
87. Patel AD, Balaban E. Human pitch perception is reflected in the timing of stimulus-related cortical activ-
ity. Nat Neurosci. 2001; 4(8):839–44. Epub 2001/07/31. doi: 10.1038/90557 90557 [pii]. PMID:
11477431.
88. Gander PE, Bosnyak DJ, Roberts LE. Acoustic experience but not attention modifies neural population
phase expressed in human primary auditory cortex. Hear Res. 2010; 269(1–2):81–94. Epub 2010/07/
17. doi: S0378-5955(10)00328-X [pii] doi: 10.1016/j.heares.2010.07.001 PMID: 20633619.
89. Aiken SJ, Picton TW. Human cortical responses to the speech envelope. Ear Hear. 2008; 29(2):139–57.
Epub 2008/07/03. PMID: 18595182.
Neuronal Oscillations Reflect Processing of Musical Chords
PLOS ONE | DOI:10.1371/journal.pone.0134211 August 20, 2015 20 / 21
90. Lu T, Liang L, Wang X. Temporal and rate representations of time-varying signals in the auditory cortex
of awake primates. Nat Neurosci. 2001; 4(11):1131–8. Epub 2001/10/11. doi: 10.1038/nn737 nn737
[pii]. PMID: 11593234.
91. Poeppel D. The analysis of speech in different temporal integration windows: cerebral lateralization as
"asymmetric sampling in time". Speech Communication. 2003; 41(1):245–55.
92. Shackleton TM, Carlyon RP. The role of resolved and unresolved harmonics in pitch perception and fre-
quency modulation discrimination. J Acoust Soc Am. 1994; 95(6):3529–40. Epub 1994/06/01. PMID:
8046144.
93. Zatorre RJ, Belin P, Penhune VB. Structure and function of auditory cortex: music and speech. Trends
Cogn Sci. 2002; 6(1):37–46. PMID: 11849614
94. Zatorre RJ, Gandour JT. Neural specializations for speech and pitch: moving beyond the dichotomies.
Philos Trans R Soc Lond B Biol Sci. 2008; 363(1493):1087–104. Epub 2007/09/25. doi:
J412P80575385013 [pii] doi: 10.1098/rstb.2007.2161 PMID: 17890188; PubMed Central PMCID:
PMC2606798.
95. Ericsson KA, Krampe R, Tesch-Romer C. The role of deliberate practice in the acquisition of expert per-
formance. Psychological Review. 1993; 100:363–406.
96. Plomin R, Shakeshaft N, McMillan A, Trzaskowski M. Nature, nurture, and expertise. Intelligence.
2014; 45:46–59. PMID: 24948844
97. Simonton D. Creative performance, expertise acquisition, individual differences, and developmental
antecedents: An integrative research agenda. Intelligence. 2014; 45:66–73.
Neuronal Oscillations Reflect Processing of Musical Chords
PLOS ONE | DOI:10.1371/journal.pone.0134211 August 20, 2015 21 / 21
